ABSTRACT: Mineral bioavailability is related to the activity of the free ion or small-ligand metal ion complexes present in gastrointestinal (G I) tract digesta. Therefore, it is necessary to distinguish between total ion and free-ion/small-ligand complexes (referred to simply as "free") concentrations. Free and total cation concentration in pig digesta from various GI locations were determined. Free ions were operationally defined as those that passed through a 1,000 molecular weight cutoff filter. To test the effect of dietary supplementation on free ion concentrations, pigs were fed either basal diets of corn bran, corn grits, and soybean meal (10, 67, and 20 weight percent, respectively) or basal diets containing added Ca, Zn, Fe, and Cu. In addition, the Ca and K content of corn bran fragments retrieved from digesta was determined by energy dispersive x-ray analysis to examine whether this dietary fiber preferentially absorbed minerals, thus reducing mineral bioavailability. Free cation concentrations, expressed as a percentage of the total, averaged over all locations for both diets were: Na, 86%; K, 96%;, Ca, 11%; Mg, 40%; Zn, 5%; Fe, 4%; and Cu, 11%. For Ca, Mg, Zn, and Cu, the free:total cation concentration ratios differed (P < .05) between upper and lower GI tract. Mineral supplementation did not alter free:total ratios of any ion in the GI tract. For supplemented diets, mineral concentrations generally were higher throughout the GI tract, as were concentrations of free Ca. Free concentrations of Zn and Cu in the jejunum and ileum were higher (P < .01) with supplemented diets. The calcium content of retrieved corn bran was higher ( P < .01) than the initial content. This study suggests that corn bran fed at levels higher than 10% could act directly as a significant mineral sink if fed with pig diets deficient in minerals.
Introduction
Relationships between the dietary fiber content of food and feeds and mineral availability in humans and animals have been discussed in recent reviews (Moore et al., 1988; Torre et al., 1991) . Much of the work involved feeding studies wherein mineral retention was measured as a function of diet composition. The present study was part of an effort to develop a comprehensive model of mineral interactions with dietary fiber in the gastrointestinal (GI) tract based on a knowledge of free and total ion concentrations in the GI tract and the total and bound ion content ofthe fiber within the digesta (Laszlo, 1991; Laszlo et al., 1992) . The goals of this work were 1) to measure and compare free and total mineral content concentrations in digesta through the GI tract and 2) to evaluate the effects of mineral supplements in the diet on these concentrations.
Experimental Procedures

Animals, Housing, and Dietary Treatments
Twelve crossbred pigs, Yorkshire x Duroc barrows, average age of 161 d and average weight of 97.3 kg, were housed individually in concrete-floored pens and allowed to consume feed ad libitum before slaughter.
The feeding regimen consisted of an initial 3-wk adjustment period during which all animals were fed a low-fiber diet consisting of 20% soybean meal and 76% degermed yellow corn grits, with appropriate vitamin and mineral supplements. The diet was then altered to contain dry-milled corn bran, soybean meal, and degermed corn grits (Table 1) . This basal diet, formulated with appropriate full vitamin and mineral supplements (FULL diet), was fed to a group of six pigs for an additional 3 wk before slaughter. A second group of six pigs was fed a basal diet containing about half the mineral supplementation for 2 wk and then a basal diet with no mineral supplementation (LOW diet) for 1 wk before slaughter. All diets were pelleted at the Animal Science Institute in Beltsville, MD.
Slaughter and Sample Collection Procedures
Between 0800 and 1100, six pigs were individually removed from their pens, led into a chute out of sight of the remaining pigs, and electrically stunned, exsanguinated, and eviscerated. Within 20 min after death the contents of the viscera were removed. Digesta were collected from the stomach (ST), proximal jejunum, distal jejunum, ileum (IT..), proximal colon ( PC), and distal colon ( DC) . Values from contents of the two jejunum locations were pooled and designated as jejunum (JJ), because digesta from these locations were often available in low quantity or absent. The proximal jejunum was considered to be located approximately 2 m posterior to the stomach, the distal jejunum to be approximately 2 m anterior to the ileocecal valve, the ileum to be the small intestine segment adjacent to the ileocecal valve, the proximal colon to be approximately 1 m posterior to the ileocecal valve, and the distal colon to be approximately 1 m anterior to the anus. The contents of approximately .7 m of small intestine and .35 m of large intestine from the above locations were expressed into plastic cups, weighed, and immediately placed on ice. The entire content of the stomach was collected and treated in a like manner. Within 2 h of being placed on ice, all samples were frozen at -20°C and subsequently lyophilized. Some pH measurements were made on freshly retrieved digesta samples using a portable pH meter. Unfortunately, this instrument failed shortly after the slaughter sequence was begun. Prior to freezing the samples, a few pH measurements were also made in the laboratory a few hours after retrieval from the GI tract. Values of pH on these rehydrated samples were within .5 pH units of the fresh samples.
Sample Preparation and Analytical Procedures
Lyophilized digesta samples were crushed gently with a hand-held spatula to avoid corn bran fragmentation and stirred to improve homogeneity. To determine mineral concentrations, duplicate samples (1 g) were digested with nitric acid and analyzed by flame atomic absorption with a Varian Techtron AA120 spectrometer (Garcia et al., 1972) . To determine free mineral concentrations, duplicate .7-to 1.0-g samples were hydrated in 30 mL of deionized water for 2 h at 38°C with occasional shaking. After equilibration, pH of the mixtures was measured at room temperature. The supernatants were clarified by ultracentrifugation at 150,000 x g for 2.5 h, filtered through a .8-iLm nylon filter, placed in polyethylene screw-cap bottles, and stored at -5°C. The clarified, filtered supernatants were next treated by ultrafiltration through a 1,000 molecular weight cutoff membrane (YM2, Amicon, Beverly, MA) in a stirred pressure cell (Model 8010, Amicon), collected, placed in polyethylene screw-cap bottles, and stored at -5°C. Cation content of the ultrafiltrates was determined by ion chromatography (Model 2010i, Dionex, Sunnyvale, CA). The ability of cations to flow freely through the membrane was tested with a solution containing 1 roM MgCI2, 10 roM KCl, 10 roM NaCl, 1 roM CaCl2, and 2 roM Mes (2-Nmorpholinoethane sulfonic acid) buffer at pH 6. There was no evidence of these ions being excluded by the membrane.
Corn Bran Cations
Four fragments of corn bran were chosen randomly from lyophilized digesta at a given location to serve as targets for x-ray microanalysis. Specimens were embedded directly in an acrylic resin (LR White, soft grade) and sectioned to provide bulk specimens. Measurements were made over three different areas within the cross-section of each fragment and the data pooled (n =12 observations) to provide a mean value estimate of Na, K, and Ca within the bran. Most locations that contained adequate amounts of digesta also contained bran fragments suitable for this purpose. Abnormally high x-ray counts, values severalfold above normal, indicated digesta had entered through a crack in the specimen and such data were not used. Details of EDXA procedures used in this study have been reported (Dintzis et al., 1990) .
Calculations
Digesta samples freshly removed from the GI tract were immediately weighed to provide an estimate of water associated with the sample. A "hydration ratio" was defined as (fresh weight-dry weight)/dry weight (gram/gram). The total cation concentration for each ion (i.e., free plus bound ions) at each GI location was calculated by dividing the dry digesta ion concentration (milligrams/gram) by the sample hydration ratio. This value represents the estimated concentration of a cation in the original digesta sample in its original, fully hydrated state (millimoleslliter) and treats the total concentration as if it were homogeneously dispersed in an aqueous phase. Cation concentrations in ultrafiltrates of rehydrated digesta samples represent an estimate of the free ion concentration (millimoleslliter) at a given GI location.
Statistical Analysis
Data were analyzed using a repeated-measures analysis of variance model in which diet effects were tested by comparison to the pig within diet effects (error 1) and location and the location x diet interaction were compared to the residual (error 2). Location means were compared by t-tests of their least squares means. Diet effects within each location were tested by t-test comparisons of diet least squares means within each location (if the location x diet interaction was not significant, P < .05, Bonferroni's ttest was used). Analysis was done on a personal computer with the GLM procedure in version 6.04 SAS (1988).
Results
Digesta Ion Concentrations
Sodium concentrations in digesta (Table 2) reached maximum values in the small intestine and both total and free concentrations varied significantly (P < .01) with location: ST < JJ, IL > PC, DC. Free Na concentrations in the proximal colon were higher (P < .05) with the LOW diet. Ratios of free:total Na levels did not differ as a function of location and averaged 86%, which indicates 86% of the Na in the digesta was free.
Both total and free potassium concentrations (Table 3) were similar from the stomach through the small intestine and then increased (P < .01) in the large intestine. In the distal colon, the free potassium concentration tended to be higher (P < .1) with the LOW diet. Free:total ratios did not vary as a function of location. Approximately 96% of the K in the digesta was free.
Concentrations of total calcium (Table 4 ) differed with location (P < .01), exhibited a possible location x diet interaction (P < .1), and also differed with diet and pig within diet (P < .05). Free Ca concentrations differed (P < .01) by pig within diet and location and exhibited possible weak diet and location x diet interactions (P < .1). There were higher total (P < .01) and free (P < .05) concentrations in the lower intestine when the FULL diet was fed. The free:total ratio was higher (P < .01) in the stomach than in the rest of the GI tract. Over the entire GI tract approximately 11% of Ca in digesta was free.
Total and free concentrations of Mg (Table 5 ) differed as functions of location, with lower concentrations in the stomach and small intestine (P < .01). Total concentrations did not differ significantly as a function of diet within the GI tract. Free concentrations with LOW diets were higher (P < .01) in the distal colon and tended to be higher (P < .1) in the proximal colon. Free:total ratio in the stomach was higher (P < .01) than in other locations, which were not different from each other. Averaged over all intestinal locations and diets, approximately 40% of the Mg was free. Total concentrations of Zn (Table 6) were dependent on diet, pig within diet and location (P < .01), and location x diet (P < .05); concentrations of free Zn were dependent on location (P < .01). For total Zn concentrations, ST, JJ, IL < PC, DC; for free Zn, ST, JJ, IL > PC, DC. Total concentration differences between FULL and LOW diets were greater (P < .01) in the lower intestines. Free concentration differences between FULL and LOW diets were significant in the ileum (P < .05). Significant differences (P < .05) in the free: total ratios were as follows: ST > JJ, IL > PC, DC. Approximately 25% of Zn in the small intestine digesta was free.
Concentrations of total Fe (Table 7) were dependent on diet (P < .05), pig within diet, and location (P < .01), whereas concentrations of free Fe did not vary significantly. Mean total Fe concentrations (FULL and LOW diet) were 22.2 and 11.5 roM. Relative total Fe concentration values were as follows: ST, JJ, IL < PC, DC. Total Fe concentrations with FULL diets were higher in the ileum (P < .05) and the lower intestine (P < .01). Free:total ratios were very low and were similar to each other. Approximately 1% of the Fe in digesta from the small intestine was free.
Concentrations of total Cu (Table 8) exhibited dependence on diet, pig within diet, and location (P < .01) and approached dependence on L x D (P < .1). Total mean concentrations, FULL and LOW diet, respectively, were .98 and .50 roM and FULL diet concentrations were higher (P < .01) in the lower intestine. Free concentrations were dependent on location (P < .01) and were higher (P < .01) in the jejunum when the FULL diet was fed. Free:total ratios were higher ( P < .01) in the upper GI tract. Approximately 37% of Cu was free in the small intestine.
Examination of Tables 2 to 8 indicates that for the total concentrations of supplemented cations (Ca, Fe, Zn, Cu), only Fe was significantly higher with the FULL diet in the upper GI tract (lL), whereas in the lower intestine total concentrations of all supplemented cations were higher. In contrast, total concentration differences, FULL diet minus LOW diet, of Na, K, and Mg were not significantly different except for Na in proximal colon digesta. However, in the lower intestine these differences exhibited a trend aEffect oflocation (ST, JJ, lL < PC, DC; total and free; P < .01). The SD for total and free were 76.2 and 4.0, respectively. bST = stomach, JJ = pooled jejunum, lL = ileum, PC = proximal colon, DC = distal colon. CNumber of observations in parentheses. dEffect of diet within location (P < .05). aEffect oflocation (total: ST, JJ, IL < PC < DC; free: ST, JJ, IL < PC, DC; P < .Oll. The SD for total and free were 13.8 and 7.3, respectively.
bST =stomach, JJ = pooled jejunum, IL =ileum, PC = proximal colon, DC = distal colon.
CNumber of observations in parentheses. dEffect of diet within location (P < .05).
of negative values. When pigs were fed the FULL diet (vs LOW diet), concentrations of free Ca were higher (P < .05) in the lower intestine, and free ion concentrations of Zn (P < .05) and Cu (P < .01) were higher in the small intestines.
When summed over the whole GI tract our data indicated there were no significant differences between free concentrations or free:total ratios as a function of the two diets. The relative value of the ratios generally corresponded to the relative values of the solubility products for the hydroxides and carbonates of the different cations that would exist at a nearly neutral pH (i.e., Na, K > Mg > Ca > Cu, Zn > Fe). Differences in total concentrations of supplemented cations (Ca, Zn, Fe, Cu) between FULL and LOW diets were significant (P < .05). Although there was a trend for free concentrations of supplemented cations to be greater in digesta of FULL diets, only for Fe and Ca did differences in free concentrations as a function of diet approach significance (P < .1). Sodium and K were the major contributors to free cations in digesta. The increase in Ca content of the FULL diet was the major contributor to the increased overall cation content of the diet.
Measurements of pH and ammonia concentrations in rehydrated digesta samples are presented in Table  9 . Pooled data are displayed because there were no significant differences between FULL and LOW diets. The acid pH in stomach digesta is consistent with HCI being secreted in the stomach; the nearly neutral pH means of digesta from other locations is consistent with endogenous bicarbonate secretions neutralizing the acid and maintaining pH levels consistent with blood pH. Ammonia levels, which were greatest in digesta from the lower intestine, were low in comparison to other monovalent cations, indicating that ammonia levels did not contribute significantly to the overall ion content of the digesta.
Concentrations of K and Ca in Com Bran
Concentrations of K and Ca in the interior of com bran retrieved from the pig GI tract were sufficient for measurement by EDXA. The concentrations of Na were too poorly quantified by EDXA to be useful. Concentrations of the transition metals were too low for quantification. Potassium concentrations in the bran are displayed (Figure 1 ) as micromoles/gram of bran and free K concentrations as millimoles in the liquid associated with digesta from which the bran was retrieved. Pooled values were used because there were no significant differences in K values between FULL and LOW diets. There were approximately 175 ± 15 and 300 ± 16 p.mol Klg of bran, respectively, in (6) aEffect of location (total: ST, JJ, IL < PC < DC; free: ST, JJ, IL < PC, DC; P < .01). The SD for total and free were 1.10 and .052 respectively.
CNumber of observations in parentheses. dEffect of diet within location (P < .05). (5) aEffect oflocation (total: ST, JJ, IL < PC, DC; P < .Oll. The SD for total and free were 1.76 and .016.
res~ectivelv.
ST =~tomach, JJ = pooled jejunum, IL = ileum, PC = proximal colon, DC =distal colon.
<:Number of observations in parentheses. dEffect of diet within location (P < .05).
corn bran retrieved from the upper and lower intestine. Calcium concentrations within corn bran are shown in Figure 2 as functions of FULL vs LOW diet and GI tract location. Pooled free Ca means also are plotted to demonstrate that concentrations within the bran followed the same pattern as free Ca values. In bran retrieved from digesta of the LOW diet, Ca concentrations did not vary significantly as a function of GI tract location. In bran from the FULL diet, Ca concentrations in PC samples were higher (P = .03) than samples from the rest of the GI tract. Contents of Ca in bran, FULL vs LOW diet, were not different in samples retrieved from the upper GI tract. Bran from FULL diets, retrieved from the PC and DC, respectively, contained more Ca (P =.01 and .02) than that from LOW diets.
Discussion
Free Ion Concentration Measurement Assumptions
The designation "free" with respect to concentrations of ultrafiltered ions should be understood to include the possible existence of low-molecular-weight substances (or carriers), such as amino acids or small peptides, that would be complexed with ions and able to diffuse through the ultrafiltration membrane, as well as into the interior of the corn bran. This property would contribute to an overestimate of actual free (i.e., not complexed) ion concentrations. However, it is assumed that both free and soluble complexed-ions contribute to the bioavailability of the mineral.
Digesta ion concentrations can be altered during sample processing. All pigs were slaughtered and digesta removed in the same manner; therefore, the influence of this treatment on ion concentrations in digesta was the same for each pig.. A rehydration volume of 30 mUg of digesta was chosen to have sufficient ultrafiltered liquid to process, especially for measurements of Zn, Fe, and Cu. Rehydration volumes were 5-to 10-fold greater than the liquid: solids ratio that existed in the GI tract. An assumption inherent in this procedure is that the free:total ratios of mineral concentrations of rehydrated samples were not significantly perturbed from the in vivo state. The higher dilutions of rehydrated samples may have led to free concentrations higher than would exist in vivo.
Digesta Ion Concentration Trends
Measurements of the monovalent cation concentrations in digesta were consistent with the reports of Alexander (1962), Bentley and Smith (1975) , and (6) aEffect oflocation (total: ST, JJ, IL < PC, DC; free: ST < JJ, IL > PC, DC; P < .Oll. The SD for total and free were .076 and .0084, respectively.
bST =stomach, JJ = pooled jejunum, IL =ileum, PC =proximal colon, DC =distal colon.
<:Number of observations in parentheses. dEffect of diet within location (P < .05). pooled jejunum values, 1L = ileum, PC = proximal colon, DC = distal colon. Hamilton and Roe (1977) . As digesta traveled through the intestines, the concentrations of Na decreased (Table 2) , whereas those of K increased (Table 3 ). The concentration maximum of Na in the small intestine was also consistent with high throughputs of Na reported as being caused by highly saline pancreatic secretions (Partridge, 1978; Zebrowska, 1985; and Zebrowska and Low, 1987) . The decrease in Na concentration from small to large intestine is compatible with a report (Argenzio and Whipp, 1979) in which .8 mEq/min of Na were estimated to be absorbed in the large intestines of pigs weighing 46 ± 8 kg (younger than pigs used in this study). Both FULL and LOW diets contained similar quantities of Na and K; therefore, no significant difference between diets was expected. The possible difference between FULL and LOW dietary Na at the proximal colon (Table 2) might be an artifact, or it might be caused by the actions of endogenous secretions to maintain mineral homeostasis.
The higher ratio, free:total, of Ca (Table 4) in the stomach is consistent with gastric pH being more acidic (Table 9) than at other locations. The Ca content of pancreatic juice, reported to be .45 to .7 mM (Partridge, 1978) , contributes to the free Ca concentrations measured in the small intestine, especially in digesta from LOW diets. The trend of free Ca increase from IL to PC mirrored the trend in total Ca. This behavior, also shown by Mg, was different from that of Cu or Zn, free concentrations of which decreased as total concentrations increased. The trend for free Ca to decrease from PC to DC as digesta solids content increased was opposite that of total Ca. The negative trend of total concentration differences, FULL diet 
aMeans ± SE, range, (n) = number of observations. ST = stomach, JJ = pooled jejunum values, IL = ileum, PC = proximal colon, DC = distal colon.
bMillimolar concentration means ± SE.
minus LOW diet, of Na, K, and Mg in the lower intestine may be a reflection of mineral homeostasis operating to reduce endogenous mineral secretions because of the presence of supplemented Ca. Concentrations of free Mg (Table 5) were comparable to those of free Ca in the small intestine. In the large intestine, concentrations of free Mg were approximately twice that of free Ca. The large concentrations of free Mg from LOW diets were greater than those from FULL diets; the opposite behavior occurred for Ca (Table 4) . Thus, higher free concentrations of Mg were found in conjunction with lower free concentrations of Ca. The appearance of significant differences, LOW diet minus FULL diet, of free Mg in the colon (Table 5 ) may be a reflection of the complex chemistry involving such factors as pH and concentrations of phosphate, Ca, and Mg that could lead to the preferential precipitation of Ca at higher pH. The greater value for the free:total ratio in the small intestine for Mg vs Ca (.35 vs .15) is consistent with the greater solubility of Mg.
Total concentrations of Zn, Fe, and Cu in the upper GI tract, like the other ions, did not differ between diets; in the lower GI tract they did. However, in the small intestine free concentrations of Zn ( P =.01) and Cu (P < .01), but not Fe, were higher with the FULL diet. Differences between diets in free Fe concentration may have been masked by experimental difficulties involved in measuring the low soluble Fe levels. Thus, supplementation resulted in a greater availability of Zn and Cu at potential absorption sites.
The pH values in Table 9 for rehydrated pig digesta were within the range of those reported for pig digestive tract fluids (Alexander, 1962; Hamilton and Roe, 1977) . The higher pH values in stomach digesta can be explained by the known buffering effects of foods and dietary fiber sources (Tadesse, 1986; Dressman et al., 1990) . The general pattern of pH values (i.e., a broad maximum in the upper GI tract and a minimum between the distal small intestine and distal large intestine) has been observed in pigs fed wheat flour-based diets (Bach Knudsen et al., 1991) .
Endogenous secretions contributed significantly to cation concentrations in the digesta. For growing pigs, 30 to 48 kg, a total of 140 to 150 g/d of cations was estimated to be secreted into the digestive tract (Juste, 1982) . Gastric, biliary, intestinal, and pancreatic secretions were estimated to contribute 10 to 13, 20 to 25, 44 to 51, and 64.5 g/d of ions, respectively, into the GI tract (Juste, 1982) . Our measurements do not permit us to distinguish between ion concentrations contributed directly by the diet and contributions from endogenous secretions.
Com Bran Minerals
The concentrations of minerals within the interior of retrieved corn bran can be understood by considering the plant tissue to have characteristics of a sponge. Associated with the "solid" cell wall matrix were compartments filled with digesta liquid that contained concentrations of free ions that were deposited (trapped) 'within the interior upon freezedrying (Laszlo et al., 1992) . The cell wall also contains cations bound to it by ion exchange interactions between cations and uronic acids. The hydration ratios of the retrieved corn bran were estimated to be 6.3 ± .5 mUg of dry weight. Thus, a major amount of ion content associated with the x-ray determined concentrations came from free ions in the digesta fluid. The experiments in this study do not directly distinguish between ions bound by the bran and ions within the bran that originated from freeze-dried digesta fluid. However, this distinction can be made using appropriate models (Laszlo, 1991; Laszlo et al., 1992) .
The affinity of K is small and that of Ca is large for charge groups in the cell wall. Calcium within the retrieved corn bran originated form free Ca within the digesta fluid and Ca bound to the cell wall by charge groups. Measurements (atomic absorption) on the initial dry-milled corn bran indicated concentrations of 100 to 130 ILmol/g of K and 4 to 6 ILmol/g of Ca. As shown in Figures 1 and 2 , respectively, concentrations of K in bran retrieved from the lower GI tract and Ca in bran from all locations were significantly higher than in the initial bran. Previous calculations involving a model of mineral binding by corn bran indicated that essentially none of the K was "bound" by the bran, whereas under conditions in the small intestine the Ca-binding capacity of corn bran would be 5 to 35 ILmol/g of bran (Laszlo, 1991; Laszlo et al., 1992) . Because the LOW diet contained 40 ILmol/g of Ca and 10% by weight corn bran, approximately 1 to 8% of the free Ca might be bound by the bran in the upper GI tract. Thus, the corn bran did not contribute to the pool of available Ca. The model-estimated negligible impact of corn bran on Ca absorption/retention is consistent with tissue studies in chicks (van der Aar et al., 1983) and balance studies in humans (Sandstead et al. 1984) .
Implications
This work implies that although corn bran at the 10% level in normally supplemented pig diets did not bind significant amounts of Ca, higher concentrations of bran could act directly as a significant mineral sink if fed with diets deficient in minerals. Alexander, F. 1962 . The concentration of certain electrolytes in the digestive tract of the horse and pig. Res. Vet. Sci. 3:78. Argenzio, R. A., and S. C. Whipp. 1979. Inter-relationship of sodium,
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